The study characterizes the behavior of a premixed swirl stabilized dump plane combustor flame near its lean blow-out (LBO) limit in terms of CH* chemiluminiscence intensity and observable flame color variations for a wide range of equivalence ratio, flow rates and degree of premixing (characterized by premixing length, L fuel ). LPG and pure methane are used as fuel. We propose a novel LBO prediction strategy based solely on the flame color. It is observed that as the flame approaches LBO, its color changes from reddish to blue. This observation is found to be valid for different levels of fuel-air premixing achieved by changing the available mixing length of the air and the fuel upstream of the dump plane although the flame dynamics were significantly different. Based on this observation, the ratio of the intensities of red and blue components of the flame as captured by a color CCD camera was used as a metric for detecting the proximity of the flame to LBO. Tests were carried out for a wide range of air flow rates and using LPG and CH 4 as fuel. For all the operating conditions and both fuels tested, this ratio was found to monotonically decrease as LBO was approached. Moreover, the value of this ratio was within a small range close to LBO for all the cases investigated. This makes the ratio suitable as a metric for LBO detection at all levels of premixing.
INTRODUCTION
A key target in present day combustion research is to reduce emission of pollutants, especially NO x . A popular approach is to lower combustion temperature by operating the combustor in a lean premixed or partially premixed mode [1] . However, a combustion process fed by a lean mixture is inherently susceptible to lean blowout (LBO), particularly due to perturbations in a flame under such conditions [2, 3] .
Frequent blowouts will increase the downtime of a combustor and is significantly detrimental from commercial considerations. Current combustors are therefore typically operated with a fuel air mixture that is significantly richer than the LBO limit (characterized by the limiting equivalence ratio Φ LBO ). Fatalities may result from a blowout in an aircraft engine, particularly when it operates at reduced power while approaching a landing. Boundaries governing LBO can be affected by operating conditions in the combustor, making a priori determination of LBO thresholds difficult. On-line LBO prediction techniques integrated with the combustor controls would be capable of maintaining a continuous flame with smaller margins from the LBO limit and thus help reduce NO x emissions without standing the risk of frequent blowouts. The power station gas turbines operate mostly in lean premixed (LP) mode. On the other hand, in aero engines, the fuel is injected much closer to the flame leading to flames that are at best partially premixed. Consequently, robust strategies need to be developed for early detection of LBO that works satisfactorily for a wide range of fuel-air premixing.
Some previous studies investigating flame dynamics near LBO limits have reported local flame loss spreading to blowout of the entire flame in the case of simple combustors [4, 5] . De Zilwa et al. [6] investigated flame dynamics close to blowout in dump combustors with and without low swirl. They report very low frequency oscillations as the rich and lean extinction limits were approached. Muruganandam and Seitzman [7] observed 'extinction and reignition' events prior to LBO in a swirl stabilized, methane fueled idealized gas turbine combustor while Chaudhuri et al. [8] reported similar observations in a bluff body stabilized premixed flame. The very first among LBO prediction strategies relied on monitoring pressure in the combustion chamber and involved the rate of pressure drop [9, 10] or pressure fluctuations [11] . A non-intrusive diagnostic system is however preferred to avoid the harsh condition inside the combustor and this has motivated the investigation of optical (e.g. Refs. [12, 13] ) and acoustic (e.g. Refs. [14, 15] ) signals close to LBO. A comparison between the two in the same experimental setup [16] portrays optical methods as the superior choice on account of faster response time. Muruganandam et al. [12] analyzed OH* chemiluminescence to identify LBO precursors in the flame of a premixed, swirl stabilized, methane fueled combustor. Thresholds were set as a percentage of the local time averaged intensity level for the particular flame condition and the crossing of this threshold due to fluctuations was identified as a 'precursor event'. An increase in the frequency of these events marked proximity to LBO conditions. Yi and Gutmark [13] reported LBO prediction based on OH* emissions in liquid fueled, multiswirl stabilized gas turbine combustor. A statistical analysis of the time series is used to justify two detection metrics. Mukhopadhyay et al. [17] used moving kurtosis and threshold based techniques applied on combustor pressure time series for early detection of flame extinction in mathematical models of pulse combustors. Prakash et al. [18, 14] integrated an acoustic sensor with the combustor control system for mitigation of impending blowout. More recently, Li et al. [19] reported the use of a novel tunable diode laser temperature sensor to acquire a temperature time series. An increase in the power of low frequency temperature fluctuations was identified as a LBO precursor.
In all these studies, the flame dynamics near the blowout limit has been exploited for LBO prediction at a fixed degree of premixedness. However, the degree of premixedness influences heat release fluctuations which is the primary cause of dynamic instability and should subsequently affect the LBO limit [20, 21] . Changes in fuel quality and operation requirements may therefore change the LBO sensing parameters identified by a particular prediction system. The optical and acoustic techniques referred to above are reliant upon the fluctuation observed near lean blowout. Williams [22] pointed out that near-LBO combustion oscillations in partially premixed flame might not be as persistent as those in premixed flame. We have earlier reported the effect of air/fuel unmixedness on efficacy of different LBO detection techniques based on optical diagnostics [23] . In this study we explore a flame property metric that can act as an LBO predictor for a wide range of premixedness.
Changes in flame color are clearly observable at various values of equivalence ratio, and this can be acquired and quantified easily and instantaneously using inexpensive color digital cameras. The required image processing scheme is computationally inexpensive and can be reliably used as a real-time predictor as demonstrated in the following sections. We test this technique on a swirl stabilized, dump plane combustor fueled by LPG (40% propane, 60% butane) -air and methane -air mixtures simulating a generic gas turbine combustor on a laboratory scale. Use of data from CCD/CMOS color camera for quantitative characterization of flame is being investigated widely in recent times [24, 25, 26, 27] . However, to the best of our knowledge, techniques based on flame color have not been used for quantitative estimation of proximity to LBO.
EXPERIMENTAL SETUP AND PROCEDURE

Experimental setup
The experimental setup (Fig. 1 ) comprises a swirl-stabilized pre-mixed combustor housing a flame encased in a transparent quartz tube, which is simultaneously sampled by a photo-multiplier tube (PMT, model 931A, Hamamatsu Corporation) and a DSLR camera (Nikon D3000) for still images and a digital video camera (Make: Nikon, Model: Coolpix 500) for 33 fps video.
Air is supplied at ambient temperature from a compressor. The air flow is metered by a mass flow controller (Aalborg, Range 0-500 LPM) and fed into the air port at the bottom of the premixing tube. The fuel (LPG, 40% propane, 60% butane or methane) is metered by two different mass flow controllers. (Make: Aalborg, Range 0-10 LPM for low flow rate experiments and Make: Aalborg, Range 0-60 LPM for high flow rate). Similarly the fuel methane, which is used only for high flow rate experiments is metered by mass flow controller (Make: Aalborg, Range 0-40 LPM). The fuel is injected into the premixing tube (d internal = 2.3 cm) through different ports along one side of the tube to vary the premixing length (L fuel ) and in effect the degree of premixing. The air is admitted axially through the bottom of the premixing section. The fuel-air mixture enters the combustor through an inlet swirler around a centre body (d = 0.8 cm) located immediately upstream of the dump plane in the premixing section. The inlet swirler has six vanes at an angle of 60 0 to the flow direction. The quartz tube (l = 20 cm, d internal = 6 cm) surrounds the combustion zone. The main purpose of varying the position of the fuel inlet is to obtain different levels of fuel-air premixing at the dump plane. Although the presence of the swirler to stabilize the flame is expected to reduce the extent of unmixedness, the distinctly different flame characteristics at different fuel inlet positions suggest that fuelair premixing depends on the fuel inlet position in spite of the presence of the swirler. In absence of sophisticated diagnostic facilities like PLIF to quantity the spatial variation in equivalence ratio, the same has been assessed through CFD simulation of air and fuel flows under cold flow conditions. The simulations have been done using commercial software ANSYS Fluent. The details of that study are not being reported here for brevity. The results of the CFD analysis show that in spite of the presence of the swirler, considerable spatial variations in the fuel concentration exists downstream of the dump plane. However, the variation is less than that upstream of the swirler. Thus, in addition to stabilizing the flame, the swirler helps in reducing the spatial nonhomogeneity of the reacting mixture. But, particularly for fuel injected close to the swirler, spatial nonuniformities cannot be fully overcome.
The heat release rate is measured by the chemiluminescence emitted from the CH* radicals (λ~ 431 nm) of the flame. The time series data is obtained with a photomultiplier tube (PMT) fitted with an optical band pass filter (λ pass = 430 nm, FWHM 10 nm). The PMT output signal (voltage) is acquired using a 16-bit analog input channel on a National Instruments PXI-6250 data acquisition card mounted in a National Instruments PXI-1050 Chassis having a built in 08 channel SCXI-1125 signal conditioner module. A sequence of 2 15 data points are acquired at a sampling frequency of 2 kHz in each experiment using National Instruments Lab VIEW ® 7.1. Video images of the flame are recorded in order to visualize LBO phenomenology and correlate the same with the optical signal. Still color images of the flame are also acquired simultaneously using the DSLR camera at suitable exposure to avoid pixel saturation. Multiple frames (N = 4) are sampled for each experimental condition (varying in Φ, Re) listed in Table 1 , and the images were subsequently processed in MATLAB ® to extract LBO predictors based on observable flame colours, as discussed in the course of this section.
Experimental procedure
Two sets of experiments were conducted using two fuel types, LPG and methane. Data was acquired for six different air flow rates for fuel supply to each of the five premixing lengths allowed by the premixing tube design (see table 1 ). The experiment involved first using stoichiometric air-fuel mixture (Φ = 1). Equivalence ratio was then gradually reduced in steps of 0.05 initially and then in steps of 0.02 close to Φ LBO . The reduced equivalence ratio was obtained by reducing the fuel flow rate while keeping the air flow rate constant. Since the air comprises a bulk of the reacting mixture, only small changes in overall flow rate were ensured as the equivalence ratio was reduced. A higher premixing length (L fuel ) allows greater time for mixing of fuel with air and thus improves air-fuel premixing. Each color image acquired from the DSLR camera was analyzed in MATLAB ® to obtain a color metric used for LBO prediction. Each pixel in a color image is mapped as a vector of three intensity components, i.e.
(1)
where the I r , I g and I b refer to the red, green and blue components respectively of the intensity of the corresponding pixel. This is a result of the presence of only these three (2) Determination of γ is computationally inexpensive and can be performed approximately on a real-time basis. We examine the variation of this metric with equivalence ratio to justify this choice. To validate the color shift sampled by the camera quantified by the change in γ, we use a spectrometer (Avaspec-3648-USB2 from Avantes, The Netherlands) to obtain the spectral composition of the optical emission within the visible range. The amplitudes corresponding to the λ = 431.2 nm for blue light and λ = 717.1 nm for red light are considered to evaluate a separate metric γ s which is the ratio of amplitudes at these wavelengths (717.1 nm and 431.2 nm) i.e, . This is compared to the γ defined in Eqn. (2) as shown herein and used to quantitatively validate our proposed metric as demonstrated hereinafter.
RESULTS AND DISCUSSIONS 3.1. LBO phenomenology
LBO prediction strategies rely on flame behavior close to blowout. Forming a detailed understanding of quantifiable flame characteristics close to the limit is therefore essential in the context. In this section, we present flame images, amplitude spectrum of the optical emissions and CH* chemiluminescence time series as equivalence ratio (Φ) approaches Φ LBO . Variations in and with equivalence ratio are discussed in the context of adopting γ (Eqn. (2)) as an LBO predictor. The spectrometer readings and the consequent γ s (defined in the last section based on spectrometer readings) is used to validate and quantify the findings. We observe, for high degrees of premixedness (L fuel ≥ 25 cm, i.e. fuel supply from ports 1-3), oscillations in the flame close to its LBO limit as reported by earlier researchers [6, 7] also. Fig. 2a presents images of the flame for ∆t = 33 ms, for L fuel = 35 cm (port 1) and Q air = 80 LPM with Φ (Ϸ 0.75) close to Φ LBO . At time t = 0, the flame is seen to be attached to the dump plane and covers the entire height of the combustor covered in the image gate. Subsequently, the flame detaches itself and the reaction weakens and moves downstream from the inlet. This is followed by an apparent extinction with the observable intensity reaching a minimum. Flame packets from the downstream location are then convected back to the dump plane and the unburned fuel which entered the combustor during the lift-off period is ignited. This leads to intense combustion and the flame appears to be reignited. This unique extinction-reignition cycle spans several milliseconds. They occur randomly in time and their frequency increases as equivalence ratio (Φ) approaches Φ LBO (as illustrated in the following paragraph). Intensity fluctuations are also observed for lower degrees of premixing (see for example , , evidently less distinct and intense. Moreover, flame detachment from the dump plane is never observed in this regime. Fig. 3 shows a comparison of the frequency of such cycles at two values of equivalence ratios, close to and away from the LBO limit for L fuel = 35 cm and 15 cm. At Φ = 0.81 (stable condition) the recorded chemiluminescence intensity time series (Fig. 3a) is fairly uniform compared to the condition entailed by Φ (Ϸ 0.75) close to Φ LBO (in Fig. 3b ). The latter shows some relatively high amplitude bursts which correspond to the 'reignition' events while the intermittent valleys indicate 'extinction'. Fig. 3d however illustrates the flame condition earlier presented in Fig. 2b wherein the flame never lifts off from the dump plane. Distinct reignition events are therefore not observed, and so the sudden bursts are evidently absent. Only significant reduction in intensity is observed. value for Q air = 80 LPM, L fuel = 35 cm. The two quantities respectively decrease and increase monotonously respectively with decreasing equivalence ratio (Φ), and sharp changes in the ratio can be observed, as illustrated in the subsequent section. We record the spectral composition of the emission to check the dominant wavelengths and their shift with decreasing equivalence ratio as LBO is approached. This shift is often due to chemiluminiscence due to reaction kinetics of dominating species at different flame conditions [28] . Figure 5 shows the visible spectrum of flame emission for different operating conditions covered in this investigation. At Φ/Φ LBO = 1.49, a representative stoichiometric condition of combustor, the dominating wavelength of flame emission is observed to be around λ = 717.1 nm. The sharp peak around λ = 717.1 nm is in sharp contrast with the broadband usually observed due to soot, as presented, for example, by Mosbach et al. [29] . Thus the red colour of the flame at high equivalence ratio is unlikely to be due to soot. On the other hand, as explained by Schefer et al. [30] and Kovaks et al. [31] , a possible source of the reddish colour of the flame and spectral peak around λ = 717.1 nm is the emission from the vibrationally excited H 2 O molecules at elevated temperatures. In fact, the visual appearance of the flame in the present case at different equivalence ratios close to stoichiometry is distinctly similar to that of nearstoichiometric H 2 -air premixed flames presented by Schefer et al. (Fig. 4 in [30] ). This further leads credence to the hypothesis that the reddish appearance of the flame is due to emission from non-hydrocarbon molecules. At lower equivalence ratio, the exhaust gas temperature decreases from that at φ = 1. This leads to reduced emission from water vapour molecules in the red and infra-red range. This corroborates the gradual disappearance of the red colour of the flame. Lowering the equivalence ratio, the λ = 717.1 nm diminishes and peaks in the above noted bluish-green C 2 (Swan band) (as evidenced by the peaks at 539.4 nm and 581.3 nm) at φ/φ LBO = 1.26 and 1.11 respectively in Fig. 5 and blue CH* ions emerge. Thus, a lowering of the 'redness' of the flame is observed and quantified by a lowering of γ and γ s . As LBO is approached (i.e. Φ/Φ LBO~ 1), the presence of C 2 band is no longer visible while the peak typically identified with excited CH* radicals is quite prominent. This may be attributed to the dominance of CH* formation in the hydrocarbon flame i.e. C 2 + OH = CO + CH* [28, 32] . The lowest values of γ and γ s are recorded in this regime as CH* emits light at 431 nm-dominantly at the blue end of the visible spectrum. Recently, Sahu et al. [33] observed the similar dominance of CH* radicals in lean premixed flame in their experimental investigation on propane -air triple flames. The results of the spectrometer are consistent with the color analysis of flame recorded by the camera as observed by ∑ ∑ similar trends in γ and γ s (cf. Fig. 6 ). However, a more confirmatory explanation of the variation in flame color with equivalence ratio requires a more detailed investigation possibly on a simpler burner and flow configuration. This is, however, outside the scope of the present study, which focuses primarily on the phenomena recorded in a model gas turbine combustor and their possible implication in early prediction of LBO. It should be noted here that while γ s shows an initially sharp drop with decrease in Φ/Φ LBO followed by a nearly constant value, the same in γ is relatively gradual. This is explained by the fact that while the former measures amplitudes only in one particular wavelength component of the emitted signal, the latter includes a significantly wider spectrum owing to the transmission characteristics of commercially available Bayer filters used in color imaging chips. However, similar trends overrule the presence of any major artifacts due to non-uniform spectral sensitivities of the commercial CCDs used in this study. The trend in the variation of γ should therefore be universally observed despite combustor configurations, but the same is not reported in this article. Our aim is to provide proof of concept of this phenomenon being considered as a good candidate for LBO predictor through the metric γ. 
LBO detection
In this section, we first present the variation of γ with equivalence ratio for a range of parameters permitted by our setup to illustrate the consistency of this metric in quantifying LBO proximity. We follow this with results obtained from applying previously reported methods on the CH* time series for comparison. It may be noted here that experiments were carried out for both methane and LPG. The trends in results being identical for both fuels, an exhaustive set of results are omitted for brevity. Hence, the results presented herein are obtained using LPG as fuel unless otherwise specified (Fig. 9) . As noted earlier, Φ LBO is observed to be dependent on L fuel , i.e. the degree of premixing. In order to explore the applicability of our predictor for various degrees of premixing, we present the variation of γ with a normalized equivalence ratio (i.e. Φ/Φ LBO ) for a wide range of air flow rates (i.e., Re) and L fuel in Fig. 7 . As expected from Fig. 4 , γ decreases monotonously with equivalence ratio for a particular configuration with a good repeatability. The results are fairly consistent for the four air flow rates under consideration (see table 1 ) with a maximum error of ±10% as determined for three different runs for each condition and with four different frames captured for each run (i.e. N = 12). In all the figures, it is observed that the value of the LBO detection metric falls very sharply in case of L fuel = 35 cm and most gradually for L fuel = 15 cm. Close to LBO, this value is highest for L fuel = 15 cm although the trend is opposite at high equivalence ratios away from LBO. At high equivalence ratios, the higher value of γ for more premixed flames is somewhat counter-intuitive and contrary to the visual observations. However, although the value of I red is higher for L fuel = 15 cm, the ratio is higher for L fuel = 35 cm. As evident from the figure, a set threshold (γ thresh ) on the value of γ would be sufficient to detect proximity to blow-out for all degrees of premixing considered in this study. Setting γ thresh Ϸ 0.2 would provide a safe margin within a relatively narrow band of Φ/Φ LBO for all the flow rates and premixing lengths considered. Since premixed flames are highly susceptible to lean blowout, a higher safety margin for this configuration is advantageous. We note here from Fig. 7 that any value γ thresh used for all premixing configurations of a particular flow rate inherently gives a higher safety margin for greater premixing. Despite the wide variety of flame conditions and the two fuel types examined, we limit our study to the same combustor. It would be interesting to see how these set thresholds perform for other combustor geometries and configurations, but the same is outside the scope of the current findings. Error bars in Fig. 7 are quite small. However, to validate the use of this method to obtain an instantaneous quantifier for LBO proximity, we obtained values of γ from single frames of images sample size (N = 1) keeping parameters like frame rate and exposure time fixed. The results (L fuel = 35 cm, Fig. 8 ) indicate that any system employing this method would be capable of predicting LBO even considering a single snapshot at each condition. Similar observations for other degrees of premixing are not presented for brevity. Using a conventional laptop computer (Make: Dell, Model: Inspiron 1525) with an Intel(R) Core(TM) 2 Duo CPU, T5800 @ 2 GHz and 2 GB of memory, the time required to process each image was 0.671 s in MATLAB®. Using lower level languages and compiled executables, the required time is estimated to drop significantly. However, it is preferable to use the ensemble averaged data as in earlier figures to avoid excessive weightage to instantaneous fluctuations. To extend our study and examine the applicability of this technique for pure fuels, we tested this LBO detection method with methane as fuel. Fig. 9 shows the variation of γ with Φ/Φ LBO for 3 different premixing lengths tested with single high air flow rate (Q air = 200 LPM). Results closely match those from experiments conducted using LPG as fuel both qualitatively and quantitatively. The spectral peaks in emitted radiation are also nearly identical to those presented in Fig. 5 .
Our studies revealed that unlike the present method, other methods in literature like those proposed by Gutmark and coworkers [13] and Lieuwen, Seitzman and coworkers [14] [15] [16] perform very well for L fuel = 35 cm but their performance deteriorates as the fuel inlet is moved closer towards the dump plane. These results have been presented in our earlier publications [23] . Since these results are not directly related to the present method, they have not been repeated. Notwithstanding the encouraging results obtained in the present study with two different commonly used gas turbine fuels, the present study is intended to be only a proof of concept study. Further studies with other fuels and different burner designs are necessary to ascertain the robustness of the present technique. Practical issues in implementing it in a gas turbine installation will also need to be considered.
CONCLUSIONS
We present an experimental study to characterize and predict flame behavior near LBO in a swirl stabilized, LPG-air and methane-air fueled, dump plane combustor in terms of observable flame color variation at varying degrees of premixing. A novel method for early prediction of LBO has been proposed based on quantifying color variations of the flame. The studies have been carried out for air flow rates of 70 lpm -200 lpm and equivalence ratios ranging from 1.0 to LBO for each air flow rate. By changing the position of the fuel inlet, different levels of fuel-air premixing were achieved.
From the study, it is observed that for premixed flames, LBO is preceded by a high level of intermittent behavior characterized by frequent and irregular extinctions and reignitions. On the contrary, such behavior is not observed at lower levels of air-fuel premixing. However, at all levels of premixing, the flame colour changes from reddish to bluish as the equivalence ratio is reduced and the system approaches LBO. This observation has been exploited and quantified to develop a novel metric for early detection of imminent LBO. The ratio of the red and blue components of the flame images summed up over all points in the image is considered as the LBO detection metric. The results show that as the equivalence ratio is reduced, this ratio decreases monotonically and close to LBO attains similar values for all flow rates, levels of premixing and fuels tested. The proposed method is found to be consistent for sensing the incipient LBO over a wide range of air/fuel unmixedness and requires very little computational effort and appears attractive for use in real time prediction and control of LBO. Further, this method can be implemented using cheap and easy available color digital cameras. However, for proper quantification of the spectral characteristics of the filter used in the camera, calibration of the camera data with those obtained by spectrometer would be required.
